Abstract-Air pollution is becoming an increasingly important problem due to the high levels of air pollutants emitted as a result of industrial and other anthropogenic activities. Exposure to air pollution has been linked to various health outcomes, from modest transient changes in the respiratory tract and impaired pulmonary function to increased mortality. Consequently, analyzing air pollution data and reporting associated statistics have become important tasks for governments and non-governmental organizations. In this study, we analyzed air pollution data and demonstrated how spatial patterns of air pollutants and other variables can be examined visually and simultaneously using linked micromap plots. To explore the potential utility of linked micromap plots, we analyzed and visualized Korean air pollution data for the period 2010-2012. Our analyses revealed more than twice the amount of fine particles in March compared with August, and that ozone levels were highest in May. Regions with high levels of fine particles were located mainly in the northwest, likely influenced by Asian dust, and in the southeast industrialized areas.
I. INTRODUCTION
During the last two centuries, air quality and air pollution have been recognized globally as pressing environmental issues. Since the industrial revolution in the late 18th century in Europe, and through the 19th and 20th centuries, the use of coal in homes and by industry has polluted the air [1] . Smog and 'pea-soupers' have become common in cities worldwide, and other kinds of atmospheric pollution have increased greatly. In many places, pollution seriously threatens the lives and activities of people every day.
Air pollution is generated from many sources, including industries, motor vehicles, and heating, and a variety of pollutants are released from each source. Consequently, people are generally exposed to multiple air pollutants simultaneously [2] . Exposure to air pollution has been linked to a number of health outcomes, from modest transient changes in the respiratory tract and impaired pulmonary function, to restricted activity/reduced performance, emergency room visits and hospital admissions, to increased mortality [3] . Therefore, analyzing air pollution and reporting statistics have become important tasks.
Interpreting and understanding air pollution data usually requires considering an appropriate spatial context: most data come with geographic information, and many studies apply a geographical framework to analyze these data [4] [5] [6] [7] . Most of these studies use simple images and maps, such as aerial images and choropleth and isopleth maps to visualize the data. Although these images and maps are commonly used, they also have problems and limitations [8, 9] . One problem is that it is difficult to show more than one variable in an image or a map. Another problem is that it may be difficult and frustrating for a reader to observe trends, relationships, and anomalies that may be present in the data [10] .
In this study, we introduce a new approach for visualizing data based on linked micromap plots. To explore the potential for the use of linked micromap plots, we analyzed and visualized South Korean air pollution data for the period 2010-2012. With the plots, we can explore relationships between the variables and geographic patterns that are inherent in the data. First, we investigated temporal variations in pollutants through a statistical analysis. Next, we divided the 16 districts of Korea into two groups and compared the magnitudes of pollutants by region. Finally, we explored geographic patterns and relationships between the variables and pollutants using linked micromap plots.
II. MATERIALS AND METHODS

A. Data sources
To analyze and visualize air pollution data, we collected data for the period 2010-2012 from the Korean Statistical Information Service (http://kosis.kr), and aggregated the data by the 16 districts of Korea. The dataset consists of 13 pollutants/variables and region names. Table 1 lists the variables used. International Conference on Circuits and Systems (CAS 2015)
B. Visualization technique
The graphical visualization technique presented in this study is referred to as a linked micromap plot: a statistical graph that combines multiple small maps and statistical data panels. Linked micromap (LM) plots are graphics that link statistical information to an organized set of small maps to explore and communicate patterns in the outcome variable, geographic locations, and the associations among them [11, 12] . Fig. 1 presents a typical template for a LM plot. To visualize the geographically referenced data, LM plots use three or more sequence panels in parallel, linked by location. The types of panels are micromaps, labels, and statistical summary panels. Fig. 1 shows five parallel sequences of panels: one micromap, one label, and three statistical summary panels. LM plots can sort geographic subregions based on the statistical variables of interest. Sorting improves perception between consecutive panels, from the top to the bottom of the display. To allow the viewer to focus attention on explicit areas, one at a time, LM plots divide the regions into perceptual groups of size five or fewer, and link the locations using colors. These features of LM plots make it possible to visualize specific geographic patterns in the data that are often lost with other types of graphs and maps. 
A. Data analysis
To compare pollutants by regional groups, we divided the regions into two groups, metropolitan and rural, according to the extent of urbanization. The degrees of pollution in the groups were compared using the MannWhitney U-test, a non-parametric statistical technique. Table 2 lists the results of the comparison: ozone (O 3 ), nitrogen dioxide (NO 2 ), and nickel (Ni) differed significantly by group; other forms of pollution did not. Levels of ozone and nickel were higher in metropolitan areas, while levels of nitrogen dioxide were higher in rural areas. Fig. 2 presents the temporal variations in air pollutants from 2010-2012 in South Korea: carbon monoxide (CO), sulphur dioxide (SO 2 ), and nitrogen dioxide exhibited little seasonal variation in the study period. In contrast, fine particle (PM 10 ), increased markedly from March to May and then slightly from August to September. Ozone also exhibited some seasonal changes: levels were higher from February to April and then lower from November to January. Table 3 lists the average levels of fine particle for March and August, and ozone in May and December by year. Fine particle levels in March were almost double those in August. Ozone measurements were highest in May, when levels were more than three times those in December. 
B. Visualizing data using linked micromap plots
LM plots illustrate relationships between variables and spatial patterns of data while linking regional names to the locations on a map and to the estimates indicated in statistical panels. To represent statistical information in LM plots, we developed an extended version of the "LinkedMicroMap()" function developed in our previous study [13] . In the extended version, we have reformed the function and added various options to establish statistical plots. Fig. 3 shows how an LM plot can illustrate relationships between air pollutants. The data shown are averages for the period 2010-2012, and regions in the figure are sorted by fine particle levels, from highest to lowest. No spatial patterns were observed in fine particle levels, and no correlations appeared between fine particle levels and other pollutants. In contrast, substantial inverse correlations appeared between ozone and nitrogen dioxide levels, and between ozone and carbon monoxide levels.
Fine particle values in Korea worsened from January to May, and then slightly in August. Fig. 4 presents trends in fine particle levels by month in 2012. Regions with high fine particle levels were located mainly in the northwest, likely as the result of a great influx of Asian dust from China and Mongolia. Interestingly, fine particle levels in Ulsan and Busan were quite high despite their geographic location. Because Ulsan and Busan are quite industrialized, air pollution in these regions was likely caused by industrial processes. 5 shows how an LM plot can illustrate relationships between heavy metal pollutants. Regions in the figure are sorted by iron (Fe) level, from highest to lowest. Iron values were highly correlated with manganese (Mn) and nickel (Ni) levels, whereas iron and copper (Cu) levels were not correlated. Lead (Pb) levels were highly correlated with nickel and arsenic (As) levels. The data for copper, manganese, and arsenic levels revealed unusual outliers: specifically, the values for Gangwon, Gyeongbuk, and Ulsan, respectively. These outliers reduced the association between pollutants considerably.
IV. CONCLUSIONS
Air pollution measurements display patterns over space and time, allowing for spatio-temporal modeling, through which pollution concentrations and trends can be analyzed. In this study, we investigated Korean air pollution data for the period 2010-2012 and demonstrated how spatial patterns of the variables can be examined visually and simultaneously using LM plots.
In summary, (1) ozone and nickel levels were higher in metropolitan areas, while nitrogen dioxide levels were higher in rural areas. (2) From 2010-2012, the amount of fine particles measured in March was more than double that measured in August, and ozone levels were highest in May. ( 3) The amount of fine particles was not correlated with the level of any other pollutant, but substantial inverse correlations were observed between ozone and nitrogen dioxide and between ozone and carbon monoxide. (4) In 2012, regions with high fine particles were located mainly in the northwest, likely influenced by Asian dust, and in southeast, industrialized areas. (5) Iron levels were highly correlated with manganese and nickel levels, while no correlation was observed between iron and copper levels.
